Avian hepatitis E virus (HEV) isolates could be separated into at least three genotypes. In this study, the development of the first duplex TaqMan 
Avian hepatitis E virus (HEV) is the causative agent of big liver and spleen disease (BLSD) and hepatitis-splenomegaly syndrome (HSS), which were reported in Australia, North America, and Europe (24) . It was found to be enzootic in chicken flocks in the United States (15) . A high prevalence of antibodies was also detected in healthy chicken flocks and avian HEV was isolated from apparently healthy chicken flocks (30) . In Europe, a wide distribution of avian HEV has been reported (2, 21, 22, 25, 28, 32) .
Avian HEV has so far not been isolated from species other than the chicken. It was experimentally shown that it is able to cross the species barrier and infect turkeys (31) but not rhesus monkeys (17) . Together with human and swine HEV, avian HEV belongs to the genus Hepevirus within the new family Hepeviridae (7) . Phylogenetic analysis revealed that avian HEV forms a separate genus, itself consisting of at least three different genotypes, and a geographical distribution pattern was observed (2, 21) . Recently, HEVs detected in Norway rats were genetically identified (18) .
Due to problems in efficiently propagating hepatitis E virus in cell culture, the diagnosis is based on antibody tests (enzyme-linked immunosorbent assay [ELISA] , agar gel immunodiffusion) and reverse transcription-PCR (RT-PCR) (23) . Purified viral antigen was used in the first ELISA to detect avian HEV-specific antibodies in serum samples (32) . Later, an ELISA was developed by using a truncated capsid protein of avian HEV, and its cross-reactivity with human and swine HEVs was shown (11) . On the basis of this ELISA, several studies about the seroprevalence of avian HEV were carried out (15, 28, 30) . A few RT-PCRs for avian HEV are described (15, 27, 30, 31) , but real-time RT-PCR (SYBR green or TaqMan) methods exist only for human and swine HEV (1, 8, 10, 19, 20, 26) . Not all of them are quantitative, and only one (1) uses in vitro-transcribed RNA as a standard for quantification.
The genomic organization of avian HEV is similar to that of human and swine HEV, both consisting of three open reading frames (ORFs) and two short noncoding regions (NCRs). The length of the avian HEV genome (6.6 kb) is about 600 bp shorter than that of the human and swine HEV genome, and they share only approximately 50 to 60% sequence identity (2, 15, 17, 27) . Therefore, the molecular methods for detection of mammalian HEV are not suited for avian HEV, and a realtime RT-PCR method for detection of avian HEV is needed.
Real-time RT-PCR has become an essential diagnostic technique in virology that provides advantages such as shorter detection times, improved sensitivity and specificity, closedtube procedures, high throughputs, and the possibility to quantify the viral material present in the sample. Detection of the target via binding of a probe such as TaqMan is more specific than that via binding of SYBR green. Especially for RNA viruses that have highly variable genomes, the choice of appropriate primer and probe binding sites is crucial. An addi-tional advantage of TaqMan real-time PCR is the possibility to perform multiplex PCR and to include an internal control (IC) in the samples to avoid false-negative results due to incomplete RNA extraction or the presence of common PCR inhibitors described for clinical samples (13) .
The aim of this study was to develop a TaqMan duplex real-time RT-PCR for universal and quantitative detection of avian HEV including a heterologous internal control system based on in vitro-transcribed RNA. The sensitivity of the new system was compared to that of conventional RT-PCR, and its specificity was tested on samples of mammalian HEVs, other viral chicken pathogens, and uninfected tissues. The developed method was tested on clinical samples of avian HEV of different geographical origins belonging to different genotypes.
MATERIALS AND METHODS

Samples.
A set of different samples was used to develop the new duplex real-time RT-PCR assay and to compare the results to those of the conventional RT-PCR (Table 1) . The selected samples were mostly obtained from birds of different geographical origins showing clinical signs of HSS or BLSD and infected with different genotypes (21) .
RNA isolation and addition of an internal control. RNA isolation was done accordingly to the solution D method (6) , except that 96% ethanol was used instead of 2-propanol for both precipitation steps (Ϫ80°C for 1 h, Ϫ20°C overnight). If RNA isolation was performed with the use of internal control RNA, samples were first mixed with solution D (lysis buffer) and then the internal control RNA was added. Further steps followed the usual protocol of the solution D method. Pellets were resuspended in 40 l ultrapurified water, and RNA was stored at Ϫ80°C.
Primers and probes. The primers and probes used in this study are listed in Table 2 . Primer pairs Helicase F/Helicase R (15) and Forw1_C-BLSV/Rev1_C-BLSV (2) were used for conventional RT-PCR. Primer pair BLSV-HEVf/BLSVHEVr and probe ORF3-HEV were designed in this study and used for real-time RT-PCR. In order to design these primers and probe, four almost complete genome sequences of avian HEV (GenBank accession numbers AM943646, AM943647, AY535004, and EF206691) were aligned using the software Accelrys Gene, version 2.5 (Accelrys, San Diego, CA). These primers and probes were designed to anneal within the relatively conserved ORF3 region of avian HEV. In addition, BLSV-HEVf/BLSV-HEVr PCR products of nine field samples were sequenced and a degenerate probe, named HEV-3, was designed ( Table 2) .
The primers and probes of the universal IC system designed by Hoffmann et al. (14) were slightly adapted to the sequence of the vector AcGFP1-C1 (Clontech Laboratories, Inc., Mountain View, CA) ( Table 2 ).
The specificity of the primers and probes was tested in a BLAST search. All primers and probes were synthesized by Eurofins MWG Operon (Ebersberg, Germany). (14) a Nucleotides that differ from the reference primer and probe sequences are written in boldface letters. b According to EaHEV (GenBank accession number AM943646) and the sequence file of pAcGFP1-C1 (Clontech Laboratories, Inc.).
Conventional RT-PCR.
The conventional RT-PCR for amplification of avian HEV was performed as described before (21) .
For generating a PCR product using vector AcGFP1-C1 (Clontech Laboratories, Inc., Mountain View, CA), illustra PuReTaq Ready-To-Go PCR beads (GE Healthcare, Little Chalfont, Bucks, United Kingdom) were used with a primer concentration of 1 M for each primer, AcGFP-15-F and AcGFP-10-R. The temperature-time profile was 95°C for 5 min; 40 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min; and finally, 72°C for 7 min. The PCR products were run on a 2% agarose gel at 100 V for 50 min and visualized on a UV illuminator.
Generation of standard (HEV) RNA and IC RNA. For optimization of the real-time RT-PCR and generation of standard curves and the internal control, in vitro-transcribed RNA was used. From each of the two field isolates, one from Hungary (05/5492) and one from Australia (06/561), a 176-bp RT-PCR product (primer pair BLSV-HEVf/BLSV-HEVr; Table 2 ) was cloned into the pCR4-TOPO vector using a TOPO TA cloning kit for sequencing (Invitrogen, Carlsbad, CA). For generation of the internal control RNA, a 712-bp PCR product (primer pair AcGFP-15-F/AcGFP-10-R; Table 2 ) of the green fluorescent protein (GFP) gene was amplified from the standard vector AcGFP1-C1 (Clontech Laboratories, Inc., Mountain View, CA) and cloned. Positive clones were sequenced at Eurofins MWG Operon, and clones of the correct sequence and orientation were chosen for further processing.
The vectors were linearized using PstI restriction enzyme (Invitrogen, Carlsbad, CA) and run on a 1% agarose gel for confirmation and purification. Bands of the correct size were excised and cleaned using a QIAquick gel extraction kit (Qiagen, Hilden, Germany), according to the manufacturer's protocol. The purified plasmid DNA was then in vitro transcribed using a MAXIscript T7 kit (Ambion, Inc., Austin, TX), according to the manufacturer's protocol, except that 1 l RNaseOUT (Invitrogen, Carlsbad, CA) was added to the transcription reaction mixture, and transcription was performed for 1 h at 37°C. The in vitro-transcribed RNA was treated by use of a Turbo DNA-free kit (Ambion, Inc., Austin, TX) to completely remove residual DNA and precipitated with ammonium acetate and ethanol. The concentration of RNA was measured at least four times by a spectrophotometer (SmartSpec Plus; Bio-Rad Laboratories, Inc., Hercules, CA), and the numbers of copies per l were calculated using the mean values and the following formula: [(g/l RNA)/(length ϫ 340)] ϫ 6.022 ϫ 10
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, where the length is the number of nucleotides. Real-time RT-PCR. Real-time RT-PCR was performed in a 25-l reaction mixture on a Rotor-Gene Q apparatus (Qiagen, Hilden, Germany) using the TaqMan detection method with a QuantiTect VirusϩROX vial kit (Qiagen, Hilden, Germany). To include the internal control in the assay, in addition to the primers and probe for avian HEV, primers and probe for amplification and detection of IC RNA were included in the master mix. The final mix was named HEV-3/IC and consisted of primers BLSV-HEVf, BLSV-HEVr, AcGFP-13-F, and AcGFP-10-R, each at a final concentration of 0.4 M. The probes HEV-3Ј and AcGFP were added to the HEV-3/IC primer-probe mix at a final concentration of 0.2 M for each probe.
Duplex real-time RT-PCR was performed, and the yellow and green fluorescences emitted by the two probes were measured simultaneously. The conditions for RT-PCR were as follows: 50°C for 30 min, 95°C for 5 min, and three-step cycling 50 times at 95°C for 15 s, 60°C for 75 s, and 72°C for 15 s. Data analysis was done by Rotor-Gene Q software, version 1.7 (Qiagen, Hilden, Germany), by setting the threshold automatically. In order to quantify virus in samples of unknown concentration, their threshold cycle (C T ) values were compared with the standard curve and the numbers of copies of avian HEV RNA per reaction mixture were calculated. Real-time RT-PCR products were run on a 2% agarose gel to test if products of the correct size were amplified. Reverse transcriptase control reactions were included in order to confirm that the in vitro-transcribed RNAs were not contaminated with residual DNA.
Standard curves and internal control. For generating standard curves, 10-fold dilution series of in vitro-transcribed RNA from the BLSV-HEVf/BLSV-HEVr PCR product (HEV RNA) were prepared, starting from a concentration of 2.89 ϫ 10 12 copies of HEV RNA per reaction mixture. All standard curves consisted of at least five different concentrations, each of them run in duplicate.
For amplification of IC RNA, primer pair AcGFP-13-F/AcGFP-10-R, which amplifies a 487-bp PCR product, was tested with dilution series of in vitrotranscribed IC RNA. To determine the amount of IC RNA to be added to the mixture, dilution series of IC RNA were made and the smallest amount reliably detected together with HEV RNA was chosen for use in the future assay. Ultimately, the 10-fold dilution series of in vitro-transcribed HEV RNA were spiked with 5.7 ϫ 10 5 copies of in vitro-transcribed IC RNA. Since in the course of RNA isolation a certain amount of RNA is lost, 5.7 ϫ 10 7 copies of IC RNA were added to the samples to check the efficiency of RNA isolation.
Real-time RT-PCR sensitivity. The lowest dilution detected by use of the standard curve was further diluted 2-fold to determine the limit of detection of in vitro-transcribed HEV RNA. Additionally, a sample of RNA (07/861) was serially diluted 10-fold, TaqMan real-time RT-PCR (primer-probe mix HEV-3/ IC) and conventional RT-PCR (primer pairs Helicase F/Helicase R and Forw1_C-BLSV/Rev1_C-BLSV) were performed, and the results were compared.
Real-time RT-PCR specificity. To test the specificity of the TaqMan real-time RT-PCR assay, it was performed with HEV-positive samples from swine, wild boar (genotype 3, isolate wbGER27, GenBank accession number FJ705359) (29) , and rat (isolate R63, GenBank accession number GU345042) (18) and different avian pathogens. These were avian leukosis virus (RNA and DNA isolated from tissue culture), Marek's disease virus (DNA isolated from a positive field sample), avian reovirus (RNA isolated from vaccine), and fowl adenovirus (DNA isolated from tissue culture). A sample of RNA isolated from the liver of a noninfected specific-pathogen-free (SPF) chicken was also tested. Internal control RNA was added to all the samples.
Nucleotide sequence accession numbers. The BLSV-HEVf/BLSV-HEVr PCR products of nine field samples were submitted to GenBank and can be found under accession numbers FN995640 to FN995648.
RESULTS
Optimization of real-time RT-PCR assay.
Different primer and probe concentrations and temperature-time profiles were tested. Adjusting the primer and probe concentrations did not have much influence. Therefore, the concentrations were chosen according to the manufacturer's instructions for the QuantiTect VirusϩROX vial kit (Qiagen, Hilden, Germany), which were 0.4 M for the primers and 0.2 M for the probes. The temperaturetime profile was adapted; a longer reverse transcription step (30 min instead of 20 min) and a three-step cycling protocol instead of a two-step cycling protocol were especially crucial with regard to the sensitivity of the new assay (data not shown).
Nine field samples were first tested in the real-time RT-PCR with primer pair BLSV-HEVf/BLSV-HEVr and probe ORF3-HEV. It appeared that no fluorescence was detected from one sample (07/9643-2) (see below), although a band was visible by gel electrophoresis, performed to control the real-time RT-PCR (data not shown). The BLSV-HEVf/BLSV-HEVr PCR products of all nine samples were sequenced (see the data in the supplemental material), and the degenerate probe HEV-3 was designed.
Standard curves and internal control. The duplex real-time RT-PCR assay showed a detection range of over 10 orders of magnitude (2.89 ϫ 10 12 to 2.89 ϫ 10 3 copies per reaction mixture). It has to be mentioned that the lowest dilution (2.89 ϫ 10 3 copies per reaction mixture) was not detected reliably and mostly did not fit well into the standard curve. If this dilution was not taken into account, an efficiency of 1.04 and a regression squared value of 0.996 were achieved (Fig. 1) . The IC RNA added to the mixture used to generate the standard curve was detected reliably with an average C T of 30.17 and a standard deviation of 0.79 (data not shown).
By comparing a standard curve obtained from a dilution series of HEV RNA without IC RNA to a standard curve obtained from a dilution series of HEV RNA together with IC RNA, it could be shown that amplification of HEV RNA was not inhibited by the presence of IC RNA. The standard curve obtained without IC RNA had an efficiency of 0.90 and a squared regression value of 0.9964. If IC RNA was included in the same dilution series of HEV RNA, an efficiency of 0.94 and
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a regression squared value of 0.9958 were achieved for the standard curve (Fig. 2) . Viruses in eight field samples were quantified by intercalating their C T values to the standard curve to demonstrate that the real-time RT-PCR for detection of avian HEV is suited for quantification of viral RNA present in these samples. C T values between 22.48 and 28.97 were measured, corresponding to 2.10 ϫ 10 7 to 2.92 ϫ 10 5 copies of avian HEV RNA per sample (Table 3) .
Assay sensitivity. The concentration of 2.89 ϫ 10 4 copies of in vitro-transcribed HEV RNA per reaction mixture was further diluted 2-fold and duplex real-time RT-PCRs were run in duplicate. All concentrations tested positive, but with the lowest dilution (1.8 ϫ 10 3 copies per reaction mixture) a C T value was obtained for only one of the two reaction mixtures. Therefore, a minimum of 3.6 ϫ 10 3 copies can reliably be detected with this duplex real-time RT-PCR assay (data not shown).
RNA of sample 07/861A was diluted five times 10-fold, and conventional and real-time RT-PCRs were performed. In conventional RT-PCR, the dilutions up to 10 Ϫ3 were detected using both primer pairs, Helicase F/Helicase R and Forw1_C-BLSV/Rev1_C-BLSV (Fig. 3) . When real-time RT-PCR was performed, the same sensitivity was determined. The undiluted sample gave almost the same C T value as the 10 Ϫ1 dilution (30.47 and 30.92, respectively), probably due to the presence of PCR inhibitors in the undiluted sample. For the 10 Ϫ2 dilution, a C T value of 33.91 was measured. The C T of the last dilution detected (10 Ϫ3 ) was high (C T , 40.21), indicating that the assay reached the limit of detection. For the 10 Ϫ4 and 10 Ϫ5 dilutions, amplification did not reach the threshold level and no C T was measured.
Assay specificity. The duplex real-time RT-PCR was performed with samples positive for swine HEV, wild boar HEV, rat HEV, avian leukosis virus, Marek's disease virus, avian reovirus, and fowl adenovirus and a sample of RNA isolated from the liver of an SPF chicken. All samples were negative; i.e., no C T was measured and no band was visible after gel electrophoresis. The internal control and the avian HEV positive-control reactions were positive.
Sample HEV RNA detection. The real-time RT-PCR assay based on the degenerate probe could detect HEV RNA in all of the 16 samples tested (Table 4 ). In conventional RT-PCR, (Table 4) .
DISCUSSION
The RT-PCR methods for detection of avian HEV used so far are of unknown specificity for samples of different geographical origins (23). Many RT-PCRs for detection of avian on October 17, 2017 by guest http://jcm.asm.org/ HEV RNA described in the literature use primers specially designed to anneal to the sequence of the isolate that was used in the same study (3, 4, 11, 12, 16, 17, 31) . In Australia, a two-step RT-PCR that could detect RNA in liver samples from BLSD-affected birds was developed (27) . Most of the RT-PCR methods for detection of avian HEV RNA are based on degenerate primer binding within ORF1 (15) and on a nested approach applying degenerate primers binding within ORF1 and ORF2 (30) . These primers were developed for isolates from North America but were also successfully used for RT-PCR detection of European and Australian avian HEV (2, 21, 22, 25, 28) . Recent studies revealed that ORF3 is the most conserved region of avian HEV (2) . Consequently, the TaqMan duplex real-time RT-PCR presented here uses newly developed primers and probe binding within ORF3 of the avian HEV genome and is suitable for universal detection. Additional features of real-time RT-PCR, such as quantification and use of an internal control, were integrated into the method. The design of primers and probes was based on the four available almost complete genome sequences of avian HEV isolates from Europe, Australia, and the United States (2, 5, 17) . Design of an appropriate probe proved to be difficult, since probe ORF3-HEV detected HEV RNA in only 8 of 9 samples. Dually labeled probes like TaqMan can also work with a few mismatches (9), but obviously, the variability in the region of BLSV-HEVf/BLSV-HEVr was too high and so a degenerate probe was designed. In general, a degenerate probe is less specific. However, it has the advantage that it can detect different genotypes of avian HEV. Furthermore, compared to conventional PCR, probe-based detection systems such as TaqMan have improved specificity (13) .
Degenerate probe HEV-3Ј could detect HEV RNA in all samples tested in this study. Among these were samples that were negative in conventional RT-PCR. Therefore, it was concluded that the real-time RT-PCR based on BLSV-HEVf/ BLSV-HEVr primers and probe HEV-3Ј is highly suited for detecting avian HEV samples of different geographical origins and genotypes. The samples were obtained from poultry in different European countries and Australia and contained viruses mainly classified to be within genotypes 1 and 3 of avian HEV (21) . One sample with virus belonging to genotype 2, according to analysis of the helicase gene sequence, was also successfully tested with the new real-time RT-PCR method. Additionally, the two complete genome sequences of American avian HEV isolates (5, 17) were considered in primer and probe design. Therefore, the new real-time RT-PCR should also be suited for use with samples containing virus representing all the different genotypes reported so far.
In vitro-transcribed RNA was used as the standard for quantification of avian HEV RNA, which is important because the reverse transcription step is limiting and amplification of RNA is not proportional to amplification of DNA, e.g., amplification of a plasmid used as a standard. The method reported here detected approximately 3.6 ϫ 10 3 copies of in vitro-transcribed HEV RNA. The published real-time PCRs for human and swine HEV (1, 8, 10, 19, 20, 26, 33) have a lower detection limit, but they use DNA as a standard, except for one assay that also used in vitro-transcribed RNA (1). This study used a different method for calculating the standard (number of copies of RNA) compared to the quantitative real-time RT-PCR presented here. This is probably the reason for the differences in sensitivity. The real-time RT-PCR for detection of avian HEV had a sensitivity similar to that of conventional RT-PCR using 10-fold dilutions of sample RNA. Not all HEV-positive samples were detected in conventional RT-PCR, even though two primer pairs binding within ORF1 and ORF2 were used. The real-time RT-PCR presented here has the advantage that it can detect a large range of viruses from different genotypes in a single procedure step with only one primer pair, having the same sensitivity as conventional RT-PCR. Furthermore, it was possible to quantify virus in the samples tested in this study by use of a standard curve generated with in vitro-transcribed a Conventional RT-PCRs were performed with two different primer pairs: Helicase F/Helicase R and Forw1_C-BLSV/Rev1_C-BLSV. Real-time RT-PCRs were performed with primer pair BLSV-HEVf/BLSV-HEVr and two different probes: probe ORF3-HEV and probe HEV-3. NA, not available; ϩ, positive result; Ϫ, negative result.
RNA. All C T values for the samples were in the range of the standard curve, and the amount of avian HEV present in each sample could be expressed as the number of copies of avian HEV RNA per reaction mixture. If quantification of virus is done, it must be considered that the values are theoretical and need normalization based on an equal quantity and quality of the starting material (9) . The quantification of virus in different samples in this study was done primarily to demonstrate that the real-time RT-PCR for quantification of avian HEV could be used for quantification with various types of sample material, e.g., in studies about the pathogenicity of avian HEV.
Use of an internal control is important to exclude falsenegative results due to incomplete RNA isolation or inhibition of PCR. As an alternative to synthetic fragments of RNA or DNA, housekeeping genes or different pathogens are used as an internal control. Their unknown and changing concentrations, instability, and biosafety concerns make them more difficult to handle and integrate into the PCR assay than in vitro-transcribed RNA (14) . For these reasons, the universal heterologous internal control system designed by Hoffmann et al. (14) was chosen. Like the avian HEV genome, it is based on RNA and could easily be adapted and integrated into the assay to check for successful RNA extraction and RT-PCR. As a longer product inhibits amplification of the target template less (14) , the primers for amplification of a 487-bp product were chosen (AcGFP-13-F/AcGFP-10-R). IC RNA was added in a concentration of 5.7 ϫ 10 5 copies per reaction mixture, which resulted in reliable amplification of the internal control but did not inhibit amplification of avian HEV.
It is concluded that the TaqMan duplex real-time RT-PCR presented here is suitable for universal detection of avian HEVs. Besides the detection of different genotypes of avian HEV in heterologous sample material with only one primer pair, it provides essential features of real-time RT-PCR. Among these features are quantification, inclusion of an internal control, and a reduced contamination risk due to closedtube procedures and a one-step reaction. Altogether, the realtime RT-PCR method presented in this study is a specific and sensitive diagnostic tool for universal detection of avian HEV RNA in research as well as in routine laboratory diagnostics.
